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.2012.09.0Abstract Flow separation is a natural phenomenon encountered for some cases in the non-prismatic
stilling basins of irrigation works. The main ﬂow is divided into two main jets as forward and reverse
ﬂows.When this happens, a plane of separation zone is formed in the downstream channel, which can
be considered as a solid surface. The percentage area of reverse ﬂowmust be taken into consideration
downstream regulators, because its negative effect on ﬂow characteristics. An extensive experimental
program has been conducted on amodel simulating Assuite Barrages in Hydraulic Research Institute
(HRI). It is found that the percentage area of reverse ﬂow is dependent on the expansion ratio and the
Froude number under gates, but themajor effect is on the expansion ratio. Statisticalmodel was devel-
oped, to predict the percentage area of reverse ﬂow. It is recommended to control the area of reverse
ﬂow by control facilities which distribute the ﬂow uniformly in lateral direction.
 2012 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
In Egypt, multi-vent regulators are widely used to control the
ﬂow and discharge in the irrigation canals and across the River
Nile. During maintenance programs, some vents may be closed
and others are kept open. If one or more side vents are opened
(or closed) and the vents on the other side are closed (or
opened), it is a case of unsymmetric operation. The main ﬂow
body is divided into two main jets as reverse and forward
ﬂows. The area of reverse ﬂow has a negative effect on ﬂow
characteristics downstream hydraulic structures.01005196189.
o.com.
Shams University.
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02In order to investigate the reverse ﬂow downstream multi-
vent regulators, An extensive experimental program has been
conducted on a ﬁve vents regulator model. The operating sys-
tem includes openings four, three, two, and one side vent. The
velocity vectors downstream the piers were measured by mak-
ing a mesh of points to investigate the zone of reverse ﬂow, and
the length of separation.
Previous investigations on rigid hydraulics of abruptly en-
larged stilling basins proved that the ﬂow patterns in such ba-
sins are asymmetric. Graber [1] reported some of such studies
and presented an explanation of the asymmetric behavior of
the subcritical ﬂow in symmetric sudden expansion. Graber
also presented a predictive method that agreed well with the
experimental observations and extended the predictive method
theoretically to correct measures up to a Froude number of 1.5.
Graber [2] presented an explanation for asymmetric ﬂow pat-
terns of the supercritical ﬂow in symmetric sudden expansion,
in which the hydraulic jump is one of the ﬂow features. The
explanation was shown to agree with available observations.ier B.V. All rights reserved.
Nomenclature
A% the area percentage of dead zone (–)
AR the area of reverse ﬂow (L2)
AT the total area of ﬂow through the separation
length (AT = B * L) (L
2)
B width of channel (L)
bt total widths of the opened vents (L)
b the width of the vent (L)
e expansion ratio = B/bt (–)
F1 Froude number at vena-contracta (–)
Fg Froude number under gates (–)
G gate opening (L)
HU upstream water depth (L)
L the length of separation (L)
Q the total discharge (L3 T1)
R the radius of separation line between forward ﬂow
and reverse ﬂow at any plane (L)
VX velocity component in the longitudinal direction
(L T1)
VY velocity component in the lateral direction (L T
1)
W the max. width of dead zone (L)
X distance from pier (L) must be deﬁned in Fig. 2
Y1 depth of ﬂow at the vena contracta (L)
Y3 back up water depth just downstream the gate (L)
Yt tail water depth at the end of the submerged jump
(L)
Y depth of water (L)
Z depth of water plane from water surface (L) must
be deﬁned in Fig. 2
Abbreviations
R2 coefﬁcient of multiple determination
S.E.E standard error of estimate
208 M.F. SauidaMehta [3] analyzed ﬂow patterns for re-circulating ﬂows in
sudden two-dimensional expansions by numerical approaches
and experimental studies. Analytical results for low expansion
ratio of 1.25 are in good agreement with those of experimental
ﬁndings. For larger expansion ratios, experimental ﬁndings
reveal that the ﬂow patterns are asymmetric and unstable,
because turbulence decay at faster rate after the points of
reattachment, and ﬂow attains symmetric conditions earlier.
Numerous studies of open channel junctionswere conducted but
very little information exists for the particular case of a reverse ﬂow,
which collide and turn 90. Ramaurthy et al. [4] studied the separa-
tion of ﬂow in diversion channels that cause damages in the bed
and sides of the downstream channels. They made an experimental
work on a ﬂume, constructed from precast concrete slabs with and
without a hump set in the transition section. They found that the
use of a simple hump reduced the ﬂow separation and limited the
area in which the reversal ﬂow occurs. This decrease in reversal ﬂow
contributes to the reduction of possible damage to the bed and sides
downstream the channels.
Frizzel and Werth [5], presented the results of a physical
model study to evaluate the separation zones in such hydraulic
phenomenon. The physical model was used to validate an ana-
lytical method of the opposing ﬂow condition. There was a
good agreement between analytical method and physical mod-
el. The validated analytical method approach can be used to
predict the max. width of the separation zone. An analytical
tool was presented for using in assessing the potential for
hydraulic jumps or chocked ﬂow conditions in water distribu-
tion applications.
Herbrand [6] indicated that the dimensionless length of sep-
aration may be considered as nearly independent of the longi-
tudinal coordinate x, but depends only on the initial Froude
number F1. Herbrand introduced a formula for the dimension-
less length of separation (W/L) which occurs for abrupt 90
enlargement stilling basin; as follows.
W
L
¼ 1:5
F1
ð1Þ
in which W is the max. width of dead zone, L is the length of
separation zone, and F1 is the inﬂow Froude number.Abdel-Aal et al. [7] measured experimentally the separation
of ﬂow in a radial stilling basin DS multi-vent regulators. The
measured dimensionless length of separation (W/L) was plotted
against the initial Froude number F1 for different operating sce-
narios and a statistical formula predicting the dimensionless
length of separation (W/L) was introduced as follows:
W
L
¼ 0:078þ 0:322
e
þ 0:036F1 ð2Þ
in which e is the expansion ratio.
Abdel-Aal et al. [8] studied experimentally the separation of
ﬂow in a sudden expanding stilling basin downstreammulti-vent
regulators. They considered that the plane of separation is
smooth solid boundary between the reverse and current ﬂow,
vertical from the water surface to the bed, and a part of circle
ðR ¼ L2
2W
þ W
2
Þ. The hypothesis of the separation zone as a part
of circle is particularly veriﬁed by plotting velocity vectors.
The dimensionless length of separation (W/L) is dependent on
the expansion ratio (e) and the inﬂow Froude number (F1),
and the effect of submergence ratio (S) can be neglected. Statis-
tical model was developed based on the multiple linear regres-
sion, to predict the dimensionless length of separation,
W=L ¼ 0:00353F1  0:07658
e
þ 0:135
 
ð3Þ
It is noticed that the previous works on ﬂow separation phe-
nomena is not concerned with modeling the percentage area of
reverse ﬂow. The main objective of this research is to determine
the relationship between the percentage area of reverse ﬂow and
the other parameters, and derive a formula for computing it, to
know how much the ﬂow characteristics downstream hydraulic
structures can be affected by the ﬂow separation.
2. Theoretical approach
2.1. Equation of plane of separation
According to Ref. [8], for simplicity, assume that the plane of
separation is vertical and does not change from the water
Reverse ﬂow downstream multi-vent regulators 209surface to the bed. The plane of separation is considered as a
smooth solid boundary between the reverse and forward ﬂow.
Finally, assume that the plane of separation is a part of circle,
its center (O) and radius (R), and the two points (R, 0) and
((R–W), L) lie on the perimeter of the circle. From Fig. 1:
ðRWÞ2 þ L2 ¼ R2 ð4Þ
R2  2WRþW2 þ L2 ¼ R2 ð5Þ
R ¼ L
2
2W
þW
2
ð6Þ
R
L
¼ L
2W
þ W
2L
 
ð7Þ
where R is the radius of the circle, which the separation line is a
part of it, L is the length of separation, and W is the max.
width of dead zone.
2.2. Dimensional analysis
A physical pertinent relation between the area of reverse ﬂow
and the other dependent parameters for submerged ﬂow mayL
R
o
(0,(R-W)) (L,(R-W))
(0,R)
W
(R
-W
) R
Figure 1 Deﬁnition sketch of separation line at any water plane.
Figure 2 Deﬁnition sketcbe found by dimensional analysis. From Fig. 2, the functional
relationship of the area of reverse ﬂow (AR)may be expressed by:
fðAR;AT;V;B; bt;HU;Y3;Z;Y;G;Yt; q; lÞ ¼ 0 ð8Þ
in which AR is the area of reverse ﬂow, AT is the total area of
ﬂow through the length of separation (AT = B
\ L), L is the
length of separation, V is the mean velocity, q is the water den-
sity, B is the total width of the channel, bt is the width of the
opened vents, Z is the depth of water plane from water surface,
Y is the depth of water through the length of separation, G is
the gate opening, HU is the upstream water depth, Y3 is the
back up water depth, Yt is the tail water depth, and l is the dy-
namic viscosity of water.
Using P-theorem and considering q, V, and G as the inde-
pendent variables, and by neglecting the effect of Rn and
Yt
G
(constant value = 5), Eq. (8) takes the following form:
AR=AT ¼ A% ¼ f Fg; e;HU
Y3
;
Z
Y
 
ð9Þ
in which Fg is the Froude number under gates, and e is the
expansion ratio (e= B/bt).
3. Experimental setup
The experimental work of the present research was carried out
in the Hydraulic Research Institute (HRI), National Water
Research Center (NWRC), Ministry of Water Resources and
Irrigation (MWRI), Delta Barrages, Egypt. The experiments
were carried out in a re-circulating laboratory ﬂume 175 cm
wide, 40 cm deep, with an overall length of 15 m. The dis-
charge was measured by an Ultrasonic Flowmeter. The model
was made from wood (pezaform) shown in Fig. 2. The middle
part consisted of ﬁve rows of vents each row was ﬁve adjacent
vents, each one 25 cm wide, 38 cm deep, and 85 cm in length.
The width of pier is 10 cm and the width of the wing wall
was 5 cm. A control sluice gate made from the wood (peza-
form) was used to control the upstream depth and the gate
opening.
The operating system includes openings ﬁve, four, three,
two, and one side vent and the expansion ratio e= (B/bt)h of Barrage’s model.
1.00 2.00 3.00 4.00 5.00 6.00
Hu/Y3
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
A%
e=7
e=3.5
e=2.33
e=1.75
Figure 4 Relationship between (HU/Y3) and (A%) at 0.5Y for
different (e), and (Fg = 1.5–3.5). (a) X= 5 cm, (b) X= 250 cm,
(c) X= 650 cm and (d) X= 1150 cm.
Table 1 Values of (A%) for different values of (e), and (Fg).
e= 7 e= 3.5 e= 2.33 e= 1.75
Fg = 1.50 0.54 0.40 0.28 0.16
Fg = 2.50 0.56 0.43 0.31 0.17
Fg = 3.50 0.58 0.44 0.34 0.22
210 M.F. Sauidawhere B is the width of the ﬂume, and bt is total widths of the
opened vents. The ranges of the experimental data were as fol-
lows: Q= (10–40 L/s), Froude number under gates ranged
from (Fg ¼ Vﬃﬃﬃﬃ
gG
p ¼ QðbtGÞ ﬃﬃﬃﬃgGp ¼ 1:0 4:0), HU = (16–43 cm),
G= (2–5 cm), and relative tail water depth for submerged ﬂow
(Yt/G= 5). The discharge was adjusted to the desired value
and the gate was opened to the desired opening for the re-
quired ﬂow conditions. When the ﬂow had attained steady
state condition after 15 min, the velocity vector (cm/s) down-
stream the pier was measured by an ultrasonic ﬂow meter by
making a mesh of points in the plan, and at every point the
velocity vector was measured at different depths (Z/Y= 0.2,
0.5, and 0.80). Also, the length of separation (L) was mea-
sured. So, the area of reverse ﬂow (A%) can be computed from
Eq. (7) Ref. [8].
4. Analysis and discussions
4.1. Effect of expansion ratio (e) on the separation zone
Figs. 3 and 4 show the relationship between the Froude num-
ber (Fg), the relative upstream water depth (HU/Y3) and the
percentage area of reverse ﬂow (A%) for different expansion
ratios (e) and relative tail water depth (Yt/G= 5). It is clear
that the percentage area of reverse ﬂow (A%) increases slightly
with the increase of the Froude number (Fg), and the relative
upstream water depth (HU/Y3) for different expansion ratios,
because the limited effect of (Fg), and (HU/Y3) on the length
of separation (L). Also, the percentage area of reverse ﬂow
(A%) increases noticeably with the increase of the expansion
ratio (e), because as the expansion ratio (e) is increased, the
number of closed vents is increased, the ﬂow passes through
a limited width of channel, and the percentage area of reverse
ﬂow is increased.
Table 1 shows the values of (A%) for different values of (e),
and (Fg). The percentage area of reverse ﬂow (A%) is slightly in-
creased by 4%, 4%, 6%, and 6%, by increasing (Fg) from 1.5 to
3.5, for different values of (e). Also, the percentage area of re-1.00 2.00 3.00 4.00
Fg
0.10
0.20
0.30
0.40
0.50
0.60
0.70
A%
e=7
e=3.5
e=2.33
e=1.75
Figure 3 Relationship between (Fg) and (A%) at 0.5Y for
different (e), and (HU/Y3 = 1.4–3.7).verse ﬂow (A%) is noticeably increased by 38%, 39%, and
36%by increasing (e) from 1.75 to 7, for different values of (Fg).
Table 2 shows the values of (A%) for different values of (e),
and (HU/Y3). The percentage area of reverse ﬂow (A%) is
slightly increased by 1.5%, 2%, 1.5%, and 1.5%, by increasing
(HU/Y3) from 2 to 4, for different values of (e). Also, the per-
centage area of reverse ﬂow (A%) is noticeably increased by
41%, 40.5%, and 40.5% by increasing (e) from 1.75 to 7, for
different values of (HU/Y3).
4.2. Effect of separation on vertical distribution of component
velocity (VX)
Fig. 5 shows the vertical distribution of the velocity compo-
nent (VX) through cross sections (1–1), (2–2), (3–3), and (4–
4) at 5, 250, 650, and 1150 cm respectively from the piers.
When one right side gate was opened (e= 7), the values of
(VX) are maximum at section (1–1), and then decreased as
far from piers, through sections (2–2), (3–3), and (4–4). The
values of (VX) are maximum in front of the opened side gate
for each cross section at (0.10W), because the effect of forwardTable 2 Values of (A%) for different values of (e), and (HU/
Y3).
e= 7 e= 3.5 e= 2.33 e= 1.75
HU/Y3 = 2 0.58 0.42 0.31 0.17
HU/Y3 = 3 0.585 0.43 0.32 0.18
HU/Y3 = 4 0.59 0.44 0.325 0.185
(a)
(b)
(c)
(d)
Figure 5 Vertical distribution of velocity (VX) through cross sections of model for Fg = 1.95, HU/Y3 = 1.64, and e= 7. (a) X= 5 cm.
(b) X= 250 cm. (c) X= 650 cm. (d) X= 1150 cm.
Reverse ﬂow downstream multi-vent regulators 211ﬂow, and then decreased through each cross section, as far
from (0.10W), at (0.30W, 0.50W, 0.70W, and 0.90W), because
the effect of reverse ﬂow.
The ﬂow passes through a limited width of channel due to
the effect of reverse ﬂow, and this width is increased as far
from the piers. This is appears clearly at sections (1–1), (2–
2), (3–3), and (4–4).
The negative values of (VX) appear at sections (1–1), (2–2),
and (3–3), because of the effect of reverse ﬂow. After that, they
disappear at section (4–4), because the ﬂow reattaches to the
left side wall.
4.3. Effect of separation on vertical distribution of component
velocity (Vy)
Fig. 6 shows the vertical distribution of the velocity compo-
nent (VY) through cross sections (1–1), (2–2), (3–3), and (4–
4) at 5, 250, 650, and 1150 cm from the piers, when one right
side gate was opened (e= 7). The majority values of (VY)
are positive or equal to zero in front of the opened side gate
for each cross section at (0.10W), because the effect of current
ﬂow, and its slightly deﬂection towards the other side of the
ﬂume.The rate of variation of (VY) through the cross sections is
decreased, as the distance is increased far from the piers. The
variation rate through cross section (1–1) is high, some of
velocity vectors are deﬂected towards the left side of ﬂume,
and the others are deﬂected towards the right side, because
the effect of ﬂow separation. The variation rate is decreased
through section (4–4), because the end of ﬂow separation
and the regularity of ﬂow.
4.4. Plan of separation
Fig. 7 shows the velocity vectors of the ﬂow downstream multi-
vent regulator at depths 0.2Y, 0.5Y, and 0.8Y, when one side
vent was opened (e= 7). The ﬂow was asymmetric and the
main ﬂow body was divided into two main jets as forward
and reverse ﬂows. There was a noticeable separation between
the forward and the reverse ﬂows. Eq. (7) ﬁtted well the sepa-
ration between forward and reverse ﬂows, which coincides
with Ref. [8]. The percentage area of reverse ﬂow (A%) seems
to be nearly the same at different planes (0.2Y, 0.5Y, and
0.8Y), so the plane of separation can be considered vertical
from the water surface and ended at the channel bed, which
coincides with Ref. [8].
(a)
(b)
(c)
(d)
Figure 6 Vertical distribution of velocity (VY) through cross sections of model for Fg = 1.95, HU/Y3 = 1.64, and e= 7. (a) 0.2Y, (b)
0.5Y and (c) 0.8Y.
Figure 7 Distribution of velocity vectors for e= 3.5, Fg = 4.4, and HU/Y3 = 1.41 at different planes.
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Figure 8a Distribution of velocity vectors for e= 3.5, Fg = 2.42, and HU/Y3 = 2.31 at 0.5Y.
Figure 8b Distribution of velocity vectors for e= 3.5, Fg = 2.56, and HU/Y3 = 2.31 at 0.5Y.
Figure 9a Distribution of velocity vectors for e= 2.33, Fg = 1.80, and HU/Y3 = 2.00 at 0.5Y.
Reverse ﬂow downstream multi-vent regulators 213Figs. 8a and 8b show the velocity vectors of the ﬂow down-
stream multi-vent regulator for different Froude numbers un-
der gates (Fg) at water depth 0.5Y, when one side vent was
opened (e= 7). Eq. (7) ﬁtted well the separation between for-
ward and reverse ﬂows, which coincides with Ref. [8]. The per-
centage area of reverse ﬂow (A%) increases slightly, as Froude
number (Fg) is increased, because the small effect of (Fg) on the
length of separation (L).
Figs. 9a and 9b show the velocity vectors of the ﬂow down-
stream multi-vent regulator for different relative upstream
water depth (HU/Y3) at depth 0.5Y, when one side vent was
opened (e= 7). Eq. (7) ﬁtted well the separation between for-
ward and reverse ﬂows, which coincides with Ref. [8]. The per-
centage area of reverse ﬂow (A%) increases slightly, as the
relative upstream water depth (HU/Y3) is increased, because
the small effect of (HU/Y3) on the length of separation (L).
Figs. 10a and 10b show the velocity vectors of the ﬂow
downstream multi-vent regulator for different expansion ratios
(e= 7.00, and 3.50), at depth 0.5Y. Eq. (7) ﬁtted well the sep-
aration between forward and reverse ﬂows, which coincidesFigure 9b Distribution of velocity vectors for ewith Ref. [8]. The percentage area of reverse ﬂow (A%) in-
creases noticeably as the expansion ratio (e) is increased, be-
cause when the expansion ratio is increased, the number of
closed vents is increased, and the area of dead zone is
increased.
It is clear from Figs. 7–10, that the dead zone is a large
wake and consists of reverse ﬂow and also forward ﬂow near
the ﬂow area and not only reverse ﬂow.
5. Prediction of the percentage area of reverse ﬂow (A%)
Based on the experimental data of the percentage area of re-
verse ﬂow (A%), and using the statistical methods, a general
model was proposed and its coefﬁcients were estimated, and
can be written in the following:
A% ¼ 0:021Fg  0:89
e
þ 0:000019HU
Y3
 0:002Z
Y
þ 0:63
 
ðR2
¼ 99:6%; S:E:E ¼ 0:01Þ
ð10Þ= 2.33, Fg = 1.80, and HU/Y3 = 2.2 at 0.5Y.
0.996 0.996 0.996 0.993
0.567
0
0.2
0.4
0.6
0.8
1
1.2
0 Z/Y Hu/Y3 Fg 1/e
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C
or
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tio
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Figure 11 The relationship between variable removed from Eq.
(10) and correlation.
Figure 10b Distribution of velocity vectors for e= 3.50, Fg = 2.3, and HU/Y3 = 2.0 at 0.5Y.
Figure 10a Distribution of velocity vectors for e= 7.00, Fg = 2.3, and HU/Y3 = 2.0 at 0.5Y.
214 M.F. SauidaFig. 11 show the effect of each parameter in Eq. (10), and it
is clearly that (HU/Y3) and (Z/Y) do not have a weight on this
equation, and (e) has the greatest weight, and then the Froude
number under gates (Fg). So, the equation can be written in the
following form:
A% ¼ 0:0206Fg  0:89
e
þ 0:629
 
ðR2
¼ 99:6%; S:E:E ¼ 0:01Þ ð11Þ6. Conclusion
1. The dead zone is a large wake and consists of reverse ﬂow
and also forward ﬂow near the ﬂow area and not only
reverse ﬂow.
2. The percentage area of reverse ﬂow (A%) was the same, as
the relative depth of water plane (Z/Y) was changed.
3. The percentage area of reverse ﬂow (A%) increased slightly,
as the Froude number under gates (Fg), and the relative
upstream water depth (HU/Y3) were increased.
4. The percentage area of reverse ﬂow (A%) increased notice-
ably, as the expansion ratio (e) was increased.
5. The effect of relative depth of water plane (Z/Y), and rela-
tive upstream water depth (HU/Y3) can be neglected, and
the percentage area of reverse ﬂow (A%) is dependent on
the expansion ratio (e) and the Froude number under gates
(Fg), but the major effect is on the expansion ratio (e).6. Statistical model was developed based on the multiple linear
regression, to predict the percentage area of reverse ﬂow
(A%) downstream multi-vent barrages, when side gates are
operated. For application point of view, the optimum side-
gates operation canbedecided duringmaintenance programs.
7. It is recommended to control the area of reverse ﬂow by
control facilities which distribute the ﬂow uniformly in lat-
eral direction.
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